The meeting was opened by two introductory talks on the techniques of electron microscopy and microanalysis. Knipe outlined the basic principles involved in various forms of electron microscopy (scanning, transmission and high resolution) and the range of applicability of such methods for tackling geological problems. The combination of microstructural, crystallographic and geochemical information which can be obtained simultaneously from samples makes these techniques ideal for application to metamorphic rocks. Champness introduced the method of thin film analysis, contrasting this with conventional electron probe microanalysis and noting some of the problems involved and how they could be minimized.
As an example of the applications of this technique she described work to examine the cause of brown staining in an olivine.
TEM and microanalysis showed that particulate phases of diopside, chlorite and Fe oxide were all included in the olivine.
Lloyd described the method of backscattered SEM, both for atomic number contrast and electron channelling. He outlined the optimum sample preparation methods and illustrated some of the applications of both methods. Atomic number differences in the order of 0.1 can be imaged, enabling complex chemical zoning and inclusions to be studied, and indexing of electron channelling patterns allow variations in crystallographic orientations to be investigated between, for example, subgrains.
Two talks illustrated the usefulness of electron microscopy in studying experimental charges, where very small amounts of material are involved and the reactions occurring are on a very small scale. Boland described experimental work investigating the nature of the olivine to spine1 transformation. T E M indicated that in one case high dislocation densities were generated during the transformation which appeared to occur via a nucleation process, whilst in the other an amorphous phase was involved and the transformation may be martensitic. Fawcett et al. described the use of the SEM to complement indirect XRD analysis in the study of the products of hydrothermal experiBrodie ments, where the grain size is very small. Distinct morphological variations between the product phases enabled their recognition by SEM and their distribution to be studied. Products not recognized by X R D due to their low abundances were found, and enabled the onset of reactions to be established.
Several contributors described the application of TEM and STEM in investigations of fine-grained deformed rocks. In particular, the effect of deformation on feldspars was considered by several speakers. Willaime discussed the effect of temperature on the mechanisms of deformation in alkali feldspars. Slip systems for dislocations are unaffected by temperature, but the dislocations only appear to dissociate to produce stacking faults at low temperatures. This can be explained by considering the structure of the mineral. Leach described how TEM combined with atomic number contrast observed by backscattered SEM enabled investigation of the mechanism of recrystallization of albite from microcline during deformation. This involves bulging of the albite exsolution lamellae within the alkali feldspar, producing irregular areas and eventually new grains. Norton considered the relationship between deformation, exsolution and ordering in feldspars. Exsolution in the alkali feldspars prior to deformation may produce two components with different deformational behaviour, while peristerite exsolution within plagioclase may be enhanced by strain in the crystal structure.
Behrmann investigated the deformation mechanisms that produced the microstructures visible in quartzrich tectonites and mylonites from SE Spain. Sharp grain boundaries in the tectonites contrast with more diffuse grain boundary zones in the mylonites which contain abundant voids. Using relationships between dislocation density in quartz and stress he produced a map of the variation in stress across the area studied.
Otten described, in pyroxenes and olivines from a gabbro, exsolution features which indicated a complex subsolidus history. Within the augite, orthopyroxene exsolved at high temperatures (-1000°C), clinopyroxene exsolved around 600"C, whilst at lower temperatures (500°C) oxides (rutile and ilmenite) precipitated and hornblende lamellae were formed.
White gave the final contribution to the meeting and emphasized the usefulness of combining both SEM and TEM in investigating rock textures. Atomic number contrast in the backscattered mode of SEM allows whole thin sections to be examined, the observations being easily correlated with conventional optical contrast, and enables specific areas to b e selected for more detailed examination by TEM.
Specific discussion followed all the contributions and the meeting was brought to a close by a more general discussion. Although much work has been carried out on mylonites the application of electron microscopy to other fine grained rocks should not be overlooked.
Electron microscopy as a technique is no longer the prerogative of specialist operators but is now being actively applied to geological problems by the geologists who do the field work and collect the rocks.
Professor Oxburgh summed up the proceedings of the meeting and suggested that fields to which the application of electron microscopy could be usefully extended in the future were the investigation of experimental charges, and studying both reaction and deformation mechanisms.
Various posters were displayed illustrating specific aspects of the applications of electron microscopy. These ranged from the examination of corona structures in metagabbros to high resolution electron microscopy of defects in calcite. Titles of posters or abstracts are included after the abstracts of oral contributions. Thanks are due to the Geological Society for hosting the meeting and to the projectionist, Dave Evans.
K. H. BRODIE, Department of Geology, Imperial College, Prince Consort Road, London SW7 2BP.
The following references provide a general introduction to the techniques discussed in the meeting. GOLDSTEIN, J . I., NEWBURY, D. E., ECHLIN, P., JAY, D., 
An introduction to electron microscopy R. Knipe (Leeds)
Modern metamorphic and structural studies are dependent upon the collection and correlation of detailed microscopical information. Modern electron microscopes allow the collection of microstructural information on the exact crystallography, defect content and structure as well as the microchemistry of phases without destroying the texture of the rock, and are thus ideal for the application to metamorphic and structural research problems. An introduction to the mechanics, applications and limitations of techniques including scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), transmission electron microscopy (TEM) and high resolution electron microscopy (HREM) will be given. Emphasis will be placed on the interpretation of electron micrographs obtained from these various techniques. Examples of the application of the powerful combination of X-ray analysis, electron microscopy and diffraction will be demonstrated.
Microanalysis of thin foils

Applications of backscattered SEM in structural geology
Backscattered electron (BSE) imaging using the SEM can incorporate high resolution microscopy and crystallographic orientation determination with X-ray compositional analysis. For many applications conventionally polished rock chips or uncovered thin sections are suitable but for crystallographic work involving electron channelling more sophisticated preparation is required since the specimen surface layers must not be disturbed by the polishing process. The use of polyurethane foam laps and alklaline silica sol slurry abrasives (resulting in polishing rates of <1.S pm hr or -1 monolayer sec-') is recommended. Examples considered include: high resolution atomic number contrast microscopy of rock fabrics; orientation contrast imaging of intra-grain features; the grain-by-grain description of crystallographic preferred orientation; and the resolution of lattice microstrains via the progressive degradation of electron channelling patterns.
Olivine to spine1 transformation J. N. Boland (Utrecht)
The mechanisms of mineral phase transformations are so varied that it should not be surprising to find a given transformation occurring by a variety of mechanisms, depending on the thermodynamic pathway. This pathway dependence may be determined by the microstructure and this point will be demonstrated in an electron microscopy study of the olivine to spinel transformation in NiZSiOl and Mg,Si04. The crystalline defect structures (especially dislocations) generated in the olivine just ahead of the transformation interface indicate that the direct transformation to the spinel phase in Ni2Si0, occurs via a nucleation and growth process. The usefulness of describing the transformation as massive is examined. The example of Mg2SiOl is more complex because the transformation has been accomplished in a non-hydrostatic stress state. 
Application of SEM in hydrothermal experimental
Microstructure of experimentally deformed K-feldspars.
C.
Willaime (University of Rennes)
Based upon results previously obtained in the field of metallurgy, TEM observations of the microstructure of deformed minerals now give the structural geologist fundamental data on the deformation state of the mineral grains: hardening, recovery, recrystallization. . . Moreover, peculiar defects, characteristic of a mineral structure, are observed and characterized by TEM, their presence being related to the deformation conditions. In deformed K-feldspars, planar defects that are shown to be associated with dislocation glide, are indicators of low temperature deformation or short-time recovery.
Recrystallization of deformed alkali feldspar in a Tertiary granite C. Leach (Imperial College, London)
Transmission electron microscope (TEM) techniques have been used to study the microstructures developed in alkali feldspars within a progressive shear zone taken from the edge of the Northern Granite, Arran. Optical observations indicate that much of the alkali feldspar has recrystallized into fine-grained bands but little information about the mechanism of recrystallization is forthcoming. TEM has been used to identify various microstructures and textures within the alkali feldspar grains.
These include dislocation walls. subgrains and fine scale exsolution products. Use of the double tilt stage has enabled the relative misorientation between adjacent grains (both relict and recrystallized) to be measured. This technique, along with direct electron optical observations, has led to the recognition of the mechanism of formation of albite new grains during deformation. This mechanism involves the premature loss of coherency of part of the interface between pre-existing albite exsolution lamellae and the orthoclase host. These areas then bulge rapidly to new grain dimensions during their equilibration to the strain free solvus. Major element analysis has been carried out within the TEM in order to attempt to correlate microstructural and compositional variations within certain area.
Deformation, exsolution
and ordering in felspar from mylonitized granite M. Norton (University of Bergen)
Microstructures due to deformation, exsolution and ordering have been observed in alkali and sodic plagioclase from granites sampled at varying degrees of mylonitization. In the alkali feldspars, exsolution by nucleation of sodic feldspar lenses pre-dates the deformation, the two components of the resulting perthite exhibiting contrasting styles of deformation. Microstructures due to ordering in the K-feldspar are varied, and heterogeneously developed. The sodic plagioclases show a range of deformation microstructures with greater recovery in grain mantles compared to their cores; recrystallization is seen to occur by two distinct mechanisms. Peristerite exsolution is developed in both old and new grains, with progressive changes being observed with increasing strain. very narrow grain boundaries, little creep damage, and inverse proportionality of dislocation density and grain size. Mylonites sensu stricto ( < l 0 pm) have low CPO, wide (up to 1000 A) grain boundaries, abundant creep damage, and decreasing dislocation density with diminishing grain size. This is thought to reflect a dramatic shift in deformational regimes of polycrystalline quartz from power law creep (>10pm) to grain size sensitive flow (<10pm). The glide and climb capability of dislocations may prove the rate limiting step in both deformational regimes.
Metamorphism and deformation during and after cooling of the Artfjallet gabbro (Swedish Caledonides)
M. T. Otten (University of Utrecht)
The transmission electron microscope has been used in a study of the subsolidus processes which have affected the ArtfjAlet gabbro. In augite these processes were: exsolution of orthopyroxene as blebs in blebby augite, as blebs in symplectitic augite and as (100) lamellae and exsolution of low-Ca clinopyroxene as (100) lamellae; precipitation of rutile, ilmenite or Cr-spinel; and alteration to rims, blebs and streaks of brown hornblende and to thick (c.
1 pm) and thin (<l nm) (010) OOl] . The timing of these processes is established from microstructural and compositional data. The subsolidus history of the gabbro is suggested to consist of a high-temperature event and a low-temperature event, both comprising exsolution. alteration and deformation.
Electron optical studies of deformation in rocks S. H. White (Imperial College, London)
The study of dislocation structures in experimentally and naturally deformed minerals was amongst the first applications of TEM to geological research and has subsequently continued. Although the results of these studies have had a significant effect on the development of structural geology they have been largely confined to monomineralic, or quasi-monomineralic systems and to deformation environments in which metamorphic effects have not been of major significance. Studies of the inter-relationships between deformation and metamorphism have been difficult, and progress slow, even when using the HVEM. A part of the problem lies in the small size of specimens used in TEM. The recent advent of 'high resolution' back scattered detectors in the SEM offers great promise in this field. Conventional probe thin sections can now be examined at magnifications up to 5000 and areas screened for subsequent HVEM and high resolution TEM studies. Examples of the interrelationship between deformation and metamorphism from the Alpine Fault, N Z and from the Moine Thrust and Outer Hebrides Fault Zone. will be presented.
A TEM study of the development of fihrolite siliimanite in a thermal aureole A. J . Brearly (Manchester).
The nucleation and growth of fibrolitic sillimanite in the aureole of the Ross of Mull granite. Mull. Scotland has been investigated by a combination of optical, TEM and AEM techniques. The initial occurrence of fibrolite is as small groups of acicular crystals within biotite. which. with increasing T, develop into coarse fibrolitic mats up to 1 cm in diameter. TEM shows that the earliest stages of nucleation involve the development of disordered amorphous A120,-enriched regions along stacking faults in 1M biotite. Growth occurred by a process of re-ordering and local biotite breakdown along a reaction interface. A higher temperature fibrolite developed rapidly by non-equilibrium growth. Central regions from coarse fibrolite felts show that sillimanite grains co-exist with grains of quartz and metastable relics of precursor biotite.
All display curved high energy grain boundaries. The presence of a disordered surface phase enriched in Ti, Mg, and Fe on many grain boundaries, indicates restraints on diffusion rates imposed by rapid growth of the fibrolitic segregation. The microstructural development during the transformation of omphacite into pyroxene-plagioclase has been studied in some eclogites from the Seve nappe, Central Scandinavian Caledonides.
Mechanisms of exsolution in omphacites from
(1) The omphacite transformation can be described as a discontinuous precipitation reaction that occurred in two clearly defined stages to produce a coarser type A , followed by a finer, type B symplectite. Each type has its distinctive chemistry.
The combination of microstructural and chemical characteristics of the transformation is used to reconstruct the early stages of the cooling history of the eclogites. In addition. the continuous exsolution reaction reported in high temperature omphacites from the Kristiansund area, Norway (2). is combined with the discontinuous reaction in a time. temperature transformation (TTT) diagram to produce a more unified view of the exsolution in the omphacites. The 600 kV high resolution electron microscope at Cambridge University is being used to study experimentally deformed and natural carbonates, especially dolomite. The SERC-funded microscope, which has a resolution of 0.15 nm, enables the cation sublattices to be imaged directly. Electronbeam-induced damage is less than with 100 kV microscopes and is further reduced by using a minimum exposure technique. The work, in which H. C. Heard, R. J . Reeder and H. R. Wenk collaborate, is aimed at understanding the growth, transformation and deformation mechanisms in carbonates. The detailed structure of faults and other defects which have been difficult to interpret by conventional TEM methods are revealed in the lattice images, Deformational and exsolution structure in common rock forming silicates K. H. Brodie (Imperial College, London)
